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Abstract 
 
Large Rashba effect efficiently tuned by an external electric field is highly desired for spintronic 
devices. Using first-principles calculations, we demonstrate that large Rashba splitting is locked at 
conduction band minimum in ferroelectric Bi(Sc/Y/La/Al/Ga/In)O3/PbTiO3 heterostructures where 
the position of Fermi level is precisely controlled via its stoichiometry. Fully reversible Rashba spin 
texture and drastic change of Rashba splitting strength with ferroelectric polarization switching are 
realized in the symmetric and asymmetric heterostructures, respectively. By artificially tuning the 
local ferroelectric displacement and the orbital hybridization, the synergetic effect of local potential 
gradient and orbital overlap on the dramatic change of splitting strength is confirmed. These results 
improve the feasibility of utilizing Rashba spin-orbit coupling in spintronic devices. 
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Spin-orbit (SO) coupling, a relativistic effect that links spin and orbital angular momentum of 
electrons, offers opportunity for electrical control of spin degree of freedom [1, 2], which is 
appealing for spintronic applications due to the low consumption power [3]. In crystals without an 
inversion center, the gradient of crystal potential produces a momentum-dependent SO field called 
Rashba field [4]. This field couples with electron spin, splits the electronic energy bands and gives a 
unique spin-momentum locking which means charge current directly takes effect on spin. This 
property provides advantage in electrical manipulation of the magnetic state of matter [5, 6] and 
enables a variety of novel functionalities [7]. 
Rashba effect was at first investigated at the interfaces of semiconductor heterostructures [8] 
and metal surfaces [9, 10] but the splitting is rather small. Later on, so-called giant Rashba splitting 
was observed in Bi/Ag(111) surface alloy (with a splitting of 200 meV) [11] and bulk material 
BiTeI (a splitting of 100 meV) [12] using both angular-resolved photoemission spectroscopy and 
first-principles method. The Rashba splittings in these systems come from their structural 
asymmetry and are hardly tuned by external electric fields. In principle, the spin texture is 
controllable and switchable via an electric field if the materials possess sizable Rashba SO splitting 
and ferroelectricity simultaneously [13, 14]. The ferroelectric polarization which can be switched by 
an external electric field defines the sign of potential gradient, thus the Rashba spin splitting. Bulk 
GeTe is the prototype of ferroelectric Rashba semiconductor (FRS) and also the only FRS system 
investigated experimentally so far [15, 16]. Soon hexagonal KMgSb, LiZnSb, LiBeBi, NaZnSb, 
LiCaBi [17] and BiAlO3 [18] are theoretically proposed as FRSs. SiBiO3 is also a FRS candidate 
but a very large compressive strain is needed to stabilize the ferroelectric phase [19]. 
In fact, the FRS is also challenging for applications due to the dilemma between electric 
conduction (Rashba effect) and ferroelectric polarization being switched by gate voltage at the same 
time. For example, GeTe samples tend to form Ge vacancies and show considerable conductivity 
causing problem in switching ferroelectric state in conducting material [20, 21]. Then composite 
structures were designed to overcome this dilemma, where insulating ferroelectric switcher and 
conducting Rashba channel are in separated regions. A Bi adlayer on ferroelectric BaTiO3 was first 
examined by first-principles calculations, however, the polarization of BaTiO3 had negligible 
tunability on the Rashba splitting due to the weak interaction [22]. The Rashba effect was then 
found to be switchable in the proposed BaTiO3/Ba(Os,Ru,Ir)O3 heterostructures [23]. The switching 
of ferroelectric polarization is based on the network of oxygen octahedral. However, the Rashba 
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bands held by 4d and 5d electrons in Os/Ru/Ir are 1 eV below the Fermi level hence hardly 
contribute to the conductivity. In the present article, practical switch of Rashba effect is 
demonstrated in BiMO3/PbTiO3 (M=Sc, Y, La, Al, Ga, In) heterostructures. Bi p orbital with large 
Rashba splitting locates at the conduction band minimum (CBM) and the position of Fermi level 
can be precisely predicted. 
First-principles calculations were carried out using VASP [24, 25] with the generalized 
gradient approximation by Perdew, Burke and Ernzerhof [26]. Kohn-Sham single particle 
wavefunctions are expanded in plane wave basis set with a kinetic energy cutoff at 600 eV. A 
10×10×2 k-point grid centered at the Г point is used. Lattice constants are fixed at the experimental 
value of PbTiO3 [27]. All the atomic positions are free to relax during the optimization until the 
energy difference and force converge to 10-5 eV and 0.01 eV/Å, respectively. Coulomb interaction 
U=3 eV is added on Ti 3d orbital. Spin texture is plotted with PyProcar code [28]. Density of states 
is plotted using Sumo [29]. 
The designed structure is based on ferroelectric ABO3 perovskite, where we change the A-site 
cation in the middle layers to accommodate large Rashba splitting and robust ferroelectricity. 
Meanwhile, the Rashba bands are kept at CBM via selecting the suitable B-site elements. PbTiO3 is 
a common ferroelectric with tetragonal P4mm symmetry below 766 K [30]. Alternating [PbO] and 
[TiO2] layers are stacked along [001] direction. The ferroelectric structure is characterized by the 
relative displacements of the cations and anions. Switchable dipole moment is valid and has been 
used in many important fields [31-33]. Pb atom was substituted by Bi in the middle layers aiming to 
utilize the Bi p orbital to hold large Rashba effect [11, 22, 34]. For B-site cation, Ti and other metal 
elements with partially filled d shell are detrimental because d state will be in the vicinity of Fermi 
level leaving Bi p orbital out of the picture. Also it’s hard to anticipate the position of Fermi level 
with high- and low-spin-state occupation. To eliminate the interference of d electrons, Sc (3d14s2), 
Y (4d15s2), La (5d16s2), Al (3s2p1), Ga (4s2p1) and In (5s2p1) are ideal for B-site cation. They present 
empty or full d shell in BiMO3, so the Bi p orbital is expected as the lowest conduction band. 
Although cubic 3Pm m  or tetragonal P4mm is not the lowest energy structure for bulk 
Bi(Sc/Y/La/Al/Ga/In)O3 [35], they are expected to grow on PbTiO3 and stabilize a tetragonal 
ferroelectric phase. According to computational works [36], Bi(Sc/Y/Al/Ga/In)O3 with cubic 
3Pm m  structure have considerable negative value of formation energy (-1.3~-2.5 eV) and they 
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tend to form ferroelectric tetragonal phase due to the moderate epitaxial strain from PbTiO3. BiLaO3 
has a rhombohedral R3c structure with formation energy of -2.7 eV [36]. 
Moreover, [PbO] and [TiO2] layers are charge neutral and tend to form doping-type interfaces 
when contacting with [BiO]+ and [MO2]-. For example, with three layers of [BiO]+ and two layers 
of [MO2]-, one electron is expected to be confined in the BiMO3 region so the Fermi level would 
cross the bottom conduction band. Similarly, Fermi level would locate in the semiconducting gap or 
cross the top valence band when the layer number of [BiO]+ is equal to or one less than that of 
[MO2]-, respectively. The first two cases are of most concern. Since substituting M by Sc, Y, La, Al, 
Ga and In yields a similar effect, we just use BiInO3/PbTiO3 as an example for illustration since 
bulk BiAlO3 has been predicted to present ferroelectric tetragonal phase [18] and BiInO3 has similar 
electronic configuration but with larger SO strength. Band structures for the other elements can be 
found in Fig. S1 in Supporting Information. 
Fig. 1(a) and (b) show two BiInO3 sandwiched by four PbTiO3 layers with an extra [BiO]+ in 
the middle with two different ferroelectric polarizations. These structures have inversion centers in 
the paraelectric phase, so the potential gradient is only introduced by the ferroelectric displacements 
and were labeled as symmetric models. As expected, the Fermi level crosses the bottom conduction 
band which is mainly contributed from Bi p orbital. The magnified band structures below Fermi 
level around Γ point are given in Fig. 1(c) and (d). The second lowest pair of bands shows Rashba 
splitting of 7 meV along Γ–M and 6 meV along Γ–X as listed in Table I, compared with other 
ferroelectric Rashba systems proposed in the previous theoretical studies. The splitting is in the 
same order of magnitude as the splitting in bulk BiAlO3 [18], SrBiO3 [19], KMgSb [17] and 
BaOsO3/BaTiO3 heterostructure [23]. The advantage of the proposed structure here is that the 
Rashba bands are in the vicinity of Fermi level and the insulating PbTiO3 acting as ferroelectric 
switcher can be excluded from the conducting channel which is practical for gate voltage 
manipulation. The potential gradient and the spin texture change sign when the polarization reverses, 
while the band structure, i.e., the Rashba splitting strength, remains the same. This can be found 
from the three projected components of spin in Fig. 1(e) and (f), where purely two-dimensional 
Rashba texture presents. Spins are along tangential directions in the kx-ky plane and the out-of-plane 
component is zero. 
As mentioned, when the layer number of [BiO]+ is equal to that of [InO2]-, the system remains 
semiconducting. Fig. 2(a) and (b) show the asymmetric models with one layer of BiInO3 
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sandwiched by four layers of PbTiO3. The lowest pair of conduction band is mainly from Bi p 
orbital. The splitting is 13 meV along Γ–M and 14 meV along Γ–X in [001] polarization [Fig. 2(a)]. 
With reversed polarization, splitting at Γ point almost quenches and reduces to 0.2 meV [Fig. 2(b)]. 
In isotropic two-dimensional electron gas model, Rashba parameter 2 /R R RE kα =  is used to 
quantify the Rashba SO strength where ER is the Rashba splitting energy and kR is the momentum 
offset. The αR experiences drastic change from 0.929 (Table I) to 0.014 eV·Å when polarization is 
reversed. Fig. 2(c) and (d) are the band contour images as functions of kx and ky at certain energy 
relative to the crossing point of Rashba bands. The out-of-plane components are zero hence not 
shown in Fig. 2(c) and (d). Rashba characteristic of the inner and outer contours are apparent. Their 
shapes are nearly circular. The anticlockwise direction of spin in the inner circle [Fig. 2(c)] changes 
to clockwise [Fig. 2(d)] by reversing the polarization. Increasing energy from the crossing point, 
circles show square intensity, reflecting the four-fold in-plane rotational symmetry. 
The plausible explanation for the change of αR with reversing the polarization is the intrinsic 
structural asymmetry as the two adjacent layers to [BiO]+ is [InO2]- and [TiO2]. The [InO2]- presents 
nominate negative charge of 1e while the [TiO2] is neutral. So it favors the dipole moment in [BiO]+ 
layer along [001] than [001�] direction which means the ferroelectric displacement in [BiO]+ layer, 
i.e., the local potential gradient, would be different when polarization changes. Fig. 3(a) is the 
partial charge density for the lowest pair of conduction band around Γ point. The bands are mainly 
from Bi and Ti orbital. The purple shadow indicates the magnitude of displacement in [BiO]+ layer. 
The displacement is 0.93 Å in [001] much larger than 0.46 Å in [001�]. The upper and lower black 
lines filled with gray in Fig. 3(b) give the magnified Rashba bands of [001] and [001�] model, 
respectively, but enlarging the Bi-O displacement in [001�] model back to 0.93 Å could not increase 
the Rashba splitting. Hence, the local potential gradient in [BiO]+ layer is not the only factor 
causing the drastic change of αR. 
Besides, the polarization changes the orbital overlap significantly. As in Fig. 3(a), Bi is closer 
to O atoms in [InO2]- layer in one polarization direction and [TiO2] in the other. The hybridization 
between two orbitals is strongly dependent on their energy difference and localization extent. In 
density functional calculations, 3d orbital is much more sensitive to the on-site Coulomb interaction 
than p orbital. The LDA+U method implemented in VASP then becomes a practical method to 
artificially tune the localization of the adjacent Ti 3d orbital hence the hybridization between Ti and 
Bi states. 
6 
 
Fig. 3(c) and the upper two panels in (d) show the atom- and orbital-resolved density of states 
for [001] and [001�] model, respectively. For [001], the CBM is only dominated by Bi pz orbital 
while for [001�] Bi p and Ti dxy states show major overlap. To find out the role of orbital overlap on 
Rashba SO coupling, we increase the energy of Ti d states by artificially change the Coulomb U of 
the nearest Ti 3d orbital to 6 and 12 eV in [001�] model. The energy of Ti 3d orbital increases 
significantly while the Bi p orbital is hardly influenced when the localization is strengthened, as 
shown in the lower panels in Fig. 3(d). Hence, the hybridization between these two orbitals can be 
effectively tuned. Red and blue dashed lines in Fig. 3(b) are the resulting Rashba bands. The 
splitting shows trivial relevance with the variation of U. Therefore, the contribution of structural 
asymmetry was considered by comparing the band structure for [001� ] model with both the 
artificially increased Bi-O displacement (0.93 Å) and U. As seen from the pink and green dashed 
lines, the bands show great tendency of reversing back to the splitting in [001] case. Hence, it is 
concluded that the synergetic effect of the ferroelectric displacement and the orbital hybridization 
modified by polarization are responsible for the drastic change of Rashba splitting. The latter effect 
was also observed in polar two-dimensional transition-metal dichalcogenides where the overlap 
between W 2zd  and Se pz orbital dominates the Rashba SO strength [37]. 
The layer-dependent electronic properties (Fig. S2 and S3) and the band structures using more 
accurate hybrid functional HSE06 (Fig. S4) have also been checked. For both symmetric and 
asymmetric models, the number of Bi p Rashba bands is equal to the layer number of [BiO]+ but the 
relevant physics discussed above is not influenced. Since the PbTiO3 bands locate further from the 
Fermi level and increasing its layer number neither changes the band gap nor affects the Rashba 
effect so the insulating ferroelectric can be thick enough to maintain polarization. Additionally the 
indirect band gap of the asymmetric model is increased from 0.74 to 1.68 eV by HSE06 but the 
characteristic of Rashba bands was marginally affected proving the GGA results above are valid. 
In summary, we have performed relativistic first-principles calculations to investigate the 
Rashba effect in ferroelectric PbTiO3/Bi(Sc/Y/La/Al/Ga/In)O3 heterostructures. Our results show 
that the position of Fermi level can be precisely controlled by the stoichiometry of [BiO]+ and 
[MO2]-. Fully reversible Rashba spin texture with ferroelectric polarization switching can be 
realized in symmetric models because the ferroelectric displacement alone determines the potential 
gradient. Reversible Rashba effect and dramatic change in splitting strength could be achieved in 
asymmetric models, which can be attributed to the intrinsic structural asymmetry. This electrically 
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tuning of Rashba splitting on both strength and sign is appealing for spintronic and magnetoelectric 
devices. 
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Table notes 
 
Table I. Rashba energy ER, momentum offset kR and Rashba parameter αR of the symmetric and 
asymmetric PbTiO3/BiInO3 heterostructures and other ferroelectric Rashba systems in 
previous theoretical studies. 
 
System ER (meV) kR (Å-1) αR (eV·Å) Reference 
PbTiO3/BiInO3 heterostructure 
(symmetric)(a) 
7 
(6) 
0.028 
(0.040) 
0.500 
(0.300) 
This work 
PbTiO3/BiInO3 heterostructure 
(unsymmetric)(b) 
13 
(14) 
0.028 
(0.040) 
0.929 
(0.700) 
This work 
Bulk BiAlO3 (R3c) 7 0.040 0.390 [18] 
Bulk BiAlO3 (P4mm) 9 0.030 0.740 [18] 
Bulk SrBiO3(c) <5 — 0.944 [19] 
Bulk KMgSb 10 0.024 0.830 [17] 
Bulk LiZnSb 21 0.023 1.820 [17] 
Bulk LiBeBi 24 0.026 1.840 [17] 
Bulk NaZnSb 31 0.024 2.580 [17] 
Bulk LiCaBi 32 0.035 1.820 [17] 
Bi(111)/BaTiO3 heterostructure(d) 160 0.220 1.450 [22] 
BaOsO3/BaTiO3 heterostructure(e) 4 0.043 0.186 [23] 
BaIrO3/BaTiO3 heterostructure(e) 53 0.145 0.731 [23] 
BaRuO3/BaTiO3 heterostructure(e) 16 0.128 0.250 [23] 
 
(a) Splitting of the second lowest pair of conduction bands along Γ-M (Γ-X) 
(b) Splitting of the lowest pair of conduction bands along Γ-M (Γ-X) 
(c) Large compressive strain to stabilize ferroelectric phase 
(d) Hardly change with substrate ferroelectric polarization 
(e) Rashba bands far from Fermi level 
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Figure captions 
 
Fig. 1. Band structure of symmetric PbTiO3/BiInO3 heterostructure with ferroelectric polarization 
along (a) [001] and (b) [001�]. The blue circles represent Bi p orbital. Rashba bands around Γ 
point below Fermi level are magnified in (c) and (d). Spin textures at Fermi level in kx-ky 
plane are shown in (e) and (f). Spin projection is depicted as the color scale. 
 
Fig. 2. Band structure of asymmetric PbTiO3/BiInO3 heterostructure with ferroelectric polarization 
along (a) [001] and (b) [001�]. The blue circles represent Bi p orbital. The lowest pair of 
conduction bands around Γ point is magnified. Spin textures at energy surfaces 0.01, 0.02, 
0.03 and 0.2 eV above the crossing point are shown in (c) and (d). Spin projection is 
depicted as the color scale. 
 
Fig. 3. (a) Partial charge density for the lowest pair of conduction bands of the asymmetric 
PbTiO3/BiInO3 around Γ point. The purple shadow indicates the magnitude of ferroelectric 
displacement. (b) Rashba splitting bands with different Coulomb interaction parameters. 
Upper and lower gray bands are initial cases with polarization along [001] and [001�] 
direction, respectively. Atom- and orbital-resolved density of states with polarization along 
(c) [001] and (d) [001�]. 
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Fig. 2 
 
  
12 
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S1. Band structures of PbTiO3/Bi(Al/Ga/In/Sc/Y/La)O3 heterostructures 
 
 
 
Fig. S1. Band structures of the unsymmetric PbTiO3/BiMO3 with M equals to (a) Al, (b) Ga, (c) In, 
(d) Sc, (e) Y and (f) La. The layer number of PbTiO3 and BiMO3 are 4 and 1, respectively. 
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S2. Layer-dependent band structures of the symmetric models 
 
 
 
Fig. S2. Band structures of the symmetric PbTiO3/BiInO3 with (a) 1, (b) 2 and (c) 3 layers of 
BiInO3 and 4 layers of PbTiO3. Bands with 1 layer of BiInO3 and (d) 4, (e) 5 and (f) 6 
layers of PbTiO3. The blue circles represent Bi p orbital component. 
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S3. Layer-dependent band structures of the unsymmetric models 
 
 
 
Fig. S3. Band structures of the unsymmetric PbTiO3/BiInO3 with (a) 1, (b) 2 and (c) 3 layers of 
BiInO3 and 4 layers of PbTiO3. Bands with 1 layer of BiInO3 and (d) 4, (e) 5 and (f) 6 
layers of PbTiO3. The blue circles represent Bi p orbital component. 
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S4. Hybrid functional band structure of PbTiO3/BiInO3 heterostructure 
 
 
 
Fig. S4. Band structures of the unsymmetric PbTiO3/BiInO3 with (a) HSE06 and (b) PBE functional. 
The indirect band gap is increased from 0.74 to 1.68 eV by the hybrid functional while the 
Rashba dispersion relation is not affected. 
